We investigate the occurrence of radio minihalos -diffuse radio sources of unknown origin observed in the cores of some galaxy clusters -in a statistical sample of 58 clusters drawn from the Planck Sunyaev-Zel'dovich cluster catalog using a mass cut (M 500 > 6 × 10 14 M ⊙ ). We supplement our statistical sample with a similarly-sized nonstatistical sample mostly consisting of clusters in the ACCEPT X-ray catalog with suitable X-ray and radio data, which includes lower-mass clusters. Where necessary (for 9 clusters), we reanalyzed the Very Large Array archival radio data to determine if a mihinalo is present. Our total sample includes all 28 currently known and recently discovered radio minihalos, including 6 candidates. We classify clusters as cool-core or non-cool core according to the value of the specific entropy floor in the cluster center, rederived or newly derived from the Chandra X-ray density and temperature profiles where necessary (for 27 clusters). Contrary to the common wisdom that minihalos are rare, we find that almost all cool cores -at least 12 out of 15 (80%) -in our complete sample of massive clusters exhibit minihalos. The supplementary sample shows that the occurrence of minihalos may be lower in lower-mass cool-core clusters. No minihalos are found in non-cool-cores or "warm cores". These findings will help test theories of the origin of minihalos and provide information on the physical processes and energetics of the cluster cores.
INTRODUCTION
A striking feature of a number of galaxy clusters is the presence of diffuse synchrotron radiation in the form of large peripheral radio relics and two classes of centrallylocated radio sources -Mpc-size giant radio halos and smaller-scale minihalos (see Feretti et al. 2012 , for a review). The importance of these extended, steep spectrum 1 radio sources is nowadays widely recognized as their existence requires magnetic fields and ultrarelativistic electrons to be distributed throughout a large fraction of the cluster volume (e.g., Brunetti & Jones 2014) .
Giant radio halos are associated with unrelaxed clusters (e.g., Cassano et al. 2010 Cassano et al. , 2013 Kale et al. 2015; Parekh et al. 2015; Cuciti et al. 2015; Yuan et al. 2015 ) without a central cool core (Rossetti et al. 2013) , with a few possible outliers (Bonafede et al. 2014; Kale & Parekh 2016 , Sommer et al. 2017 . Minihalos, instead, are typically found in globally relaxed, coolcore clusters (e.g., Gitti et al. 2002; Govoni et al. 2009; Hlavacek-Larrondo et al. 2013; Giacintucci et al. 2014a; van Weeren et al. 2014; Kale et al. 2015; Yuan et al. 2015) . Their emission envelops the central active radio galaxy, nearly always found at the center of a cool-core cluster (e.g., Mittal et al. 2009 ), and extends quite far from it (r ∼50-300 kpc), typically filling the cluster cooling region. Minihalos are faint and usually quite amorphous in shape, thus very different from typical extended radio galaxies with lobes and jets. Minihalos also differ from the dying radio galaxies that are sometimes found at the cluster centers, whose extended emission typically has an ultra-steep radio spectrum (α radio 2) and a morphology that somehow preserves the original lobed structure of the active phase, when the source was still fed by the central nucleus (e.g., Saikia & Jamrozy 2009 .
Minihalos often appear bounded by one or two X-ray cold fronts (Mazzotta & Giacintucci 2008; Giacintucci et al. 2014a,b) that result from sloshing of the cool gas in the central core (e.g., Ascasibar & Markevitch 2006) . Based on this coincidence, it has been proposed that minihalos arise from the reacceleration of seed relativistic electrons in the magnetized cool core (Gitti et al. 2002 (Gitti et al. , 2004 by sloshing-induced turbulence (Mazzotta & Giacintucci 2008; ZuHone et al. 2013; Giacintucci et al. 2014b) . Numerical simulations show that sloshing motions can amplify magnetic fields and develop turbulence in the area enclosed by the cold fronts, which may lead to the generation of diffuse radio emission confined to the sloshing region (ZuHone et al. 2013) . A recent direct measurement of the gas velocities in the Perseus cool core with the Hitomi X-ray satellite revealed the presence of turbulence sufficient for the above scenario, and possibly for balancing the radiative cooling in the core (Hitomi Collaboration et al. 2016 ). An alternative explanation of minihalos is hadronic models (e.g., Pfrommer & Ensslin 2004; Fujita et al. 2007; Zandanel et al. 2014) , where the radio-emitting electrons are generated through the interaction of cosmic ray (CR) protons with the thermal protons in the intracluster medium. Both turbulence and CR protons should also contribute to balancing the radiative cooling in the cluster cores (e.g., Zhuravleva et al. 2014; Fujita & Ohira 2011; Guo & Oh 2008; Jacob & Pfrommer 2017a) . Thus the relation between radio minihalos and cool cores may exist at a fundamental level (e.g., Bravi et al. 2016 , Fujita & Ohira 2013 , making these radio phenomena important for understanding the physics of cool cores.
The study of minihalos has been limited by their small number (e.g., Gitti et al. 2004; Cassano et al. 2008; Govoni et al. 2009) , with only about 10 confirmed detections as of 2011 (Feretti et al. 2012) . The number of known minihalos has then rapidly increased, with 22 confirmed detections 2 and 6 candidates up to date (Hlavacek-Larrondo et al. 2013; Giacintucci et al. 2014a; van Weeren et al. 2014; Kale et al. 2015 , PandeyPommier et al. 2016 , including two new minihalos and one candidate detection that will be presented in a forthcoming paper (Giacintucci et al. 2017, hereafter G17) .
The new detections have allowed exploratory investigations of the statistical properties of minihalos and of their host clusters (Giacintucci et al. 2014a; Yuan et al. 2015; Kale et al. 2015; Gitti et al. 2015; Bravi et al. 2016; Jacob & Pfrommer 2017a,b) , that support the association of minihalos with relaxed, cool-core clusters. Furthermore, it has been noted that minihalos tend to be observed in the most massive and hottest clusters with cool cores (Giacintucci et al. 2014a) . If true, this observation will provide a constraint to discriminate between different models for the minihalo origin. In a broader context, it can provide information on the energy budget and physical processes in the cluster cool cores, where the radiative cooling is believed to be balanced by some non-gravitational heating source(s) (e.g., McNamara & Nulsen 2007) . The aim of the present work is to quantify this observation in a statistical way. For this purpose, we have selected a complete, mass-limited sample of 75 clusters from the Planck Sunyaev-Zel'dovich (SZ) cluster catalog (Planck Collaboration et al. 2014 ) and performed an X-ray and radio analysis of the majority of the sample members (77%) that have Chandra data. We complemented this Chandra statistical sample with a large additional sample of 48 clusters in the ACCEPT 3 Xray catalog (Cavagnolo et al. 2009, hereafter C09) , with suitable radio data, plus the Phoenix cluster (SPT-CL J2344-4243, McDonald et al. 2015) , for a total of 106 clusters. Where necessary (for 27 clusters), we used the X-ray Chandra data to derive the profiles of gas density, temperature and specific entropy. For those clusters in both samples without published radio observations on the minihalo angular scales, we used archival Very Large Array (VLA) data to investigate the presence of a minihalo and present the results here (no minihalos were detected). We also include in our analysis the 3 new minihalo detections with the Giant Metrewave Radio Telescope that that will be presented in G17. We then compared the cluster mass and X-ray properties with the presence of a minihalo for our mass-limited as well as combined samples.
We adopt a ΛCDM cosmology with H 0 =70 km s
Mpc −1 , Ω m = 0.3 and Ω Λ = 0.7. All errors are quoted at the 68% confidence level.
DEFINITION OF A MINIHALO
To distinguish minihalos from other diffuse radio phenomena in clusters, such as radio galaxies (in active or dying phase), large radio halos, and relics, we use the following physically-motivated definition. A minihalo is a diffuse radio source at the cluster center with the following properties:
1. The emission does not consist of radio lobes or tails, nor does it show, at any angular resolution, any morphological connection (jets) to the central AGN (such sources would be radio galaxies).
2. The minimum radius of approximately 50 kpc. At smaller radii, diffusion and other transport mechanisms, such as sloshing motions, can plausibly spread the relativistic electrons from the central AGN within their synchrotron radiative cooling 3 Archive of Chandra Cluster Entropy Profile Tables.
time (e.g., see §6.4 in Giacintucci et al. 2014a) without the need for additional physics.
3. The maximum radius of 0.2R 500 . 4 This radius separates two physically distinct cluster regions. Based on X-ray and SZ observations, density, temperature and pressure profiles of the thermal intracluster medium (ICM) outside this radius are selfsimilar, whereas a large scatter of the ICM profiles is observed at r 0.2R 500 (e.g., McDonald et al. 2017 and references therein) . This is caused by the increased importance of non-gravitational processes such as cooling, AGN and stellar feedback in the cores. Thus, diffuse radio emission that is confined within this radius can have a different origin, possibly related to processes in the core, from the emission on a larger scale (halos and peripheral relics). The bulk of the emission of large radio halos originates well outside r = 0.2R 500 (e.g., Cassano et al. 2007 ).
To determine whether a diffuse source fits the above definition we need radio data of a certain minimum quality. For item 1, we need sufficiently high resolution to image the range of scales from few tens of kpc to few kpc in order to determine the morphology of the central radio galaxy and rule out the possibility of the diffuse emission being part of it. It is also needed to discriminate between genuine diffuse emission and a blend of individual radio galaxies in (or projected onto) the core and remove their contribution as well as that of the central radio galaxy. At the same time, for items 2 and 3, sensitive, lower-resolution radio observations with a good sampling of the uv plane, particularly at short antenna spacings (that correspond to larger angular scales in the sky), are crucial to detect diffuse emission on a larger scale, including the scales beyond our adopted maximum size for the minihalo.
The size of the radio source that we use here is estimated as R radio = √ R max R min , where R max and R min are the maximum and minimum radii of the 3σ surface brightness isocontour (Cassano et al. 2007 ). It obviously depends on the uv coverage of the data and the noise level of the image. As detailed in §3, a large fraction of the clusters in our statistical sample have already been reported to have either a large radio halo (well above 0.2R 500 ) or a non-detection based on high-sensitivity low-and high-resolution images, which is sufficient for our classification purpose. For the remaining clusters (except Perseus and Phoenix), which include all minihalos and ambiguous classifications from the literature, as well as clusters with no published radio images at the needed resolution, we have uniformly analyzed new and archival radio data, with results presented in this paper ( §6), Giacintucci et al. (2014a) and G17. The halo sizes come from those analyses. As shown in Appendices A and B, the data used for this paper, while heterogeneous, have sufficient sensitivity and a range of angular resolutions, as well as good sampling of short baselines in the uv plane, and thus would allow us to detect diffuse emission at the typical brightness on the core scale and, in most cases, at the larger scale of the giant halos. Furthermore, our measured minihalo sizes do not correlate with the signal-to-noise ratio of the radio images (Appendix B). This gives us assurance that the radio extent is not determined by the image sensitivity -the minihalos are intrinsically smaller than halos (see also Murgia et al. 2009 ). Of course, we cannot rule out the possibility that deeper data would uncover large-scale emission much fainter than the current radio halos in some of the sources that we classify here as minihalos. However, in a few very well-observed minihalos, we do see evidence for an abrupt drop of the radio brightness at a certain radius (Giacintucci et al. , 2014b , which suggests that the minihalo extent has a physical significance.
CLUSTER SELECTION
To quantify the earlier observation that mihihalos are preferentially found in massive cool core systems (Giacintucci et al. 2014a) , in this paper we use a combination of two samples. One is a statistically complete, mass-limited sample of massive clusters, while the other is a similarly-sized arbitrary sample of clusters that do not satisfy some of the criteria for the complete sample, but do have high-quality radio and X-ray data and thus can increase the confidence of any correlations that we may find. The latter sample extends to lower masses, which is obviously helpful for investigating any correlation of the minihalo occurrence with the cluster mass. As we will see, the completeness of the sample at lower masses is not critical for the conclusions of this work, while the completeness of the high-mass sample, used for the statistical analysis, is. (2014) . Column 7: R500, derived from M500. Column 8: type of diffuse radio emission at the cluster center (c indicates a candidate detection).
As defined in §2, sources with R radio ≤ 0.2R500 are classified as minihalos. Column 9: radius of the central diffuse radio source, as defined in §2, in units of R500. Column 10: radio references. If more than one reference is given, the first one is the reference for the image used to measure the radio size. Reference code: (1) this work, (2) G17, (3) Govoni et al. (2001) , (4) 
Statistical sample
A complete essentially mass-limited cluster sample can be extracted from the Planck SZ cluster catalog, since the cluster total SZ signal is a good proxy for the total mass (e.g., Nagai 2006) . We selected all clusters with redshift z ≤ 0.35, Galactic latitude |b| ≥ 20
• and the Planck -estimated total mass within R 500 of M 500 > 6 × 10 14 M ⊙ . This mass cut is well above the Planck completeness limit and, along with the z cut, is a compromise between the need to cover a range of cluster masses and the availability of the radio and X-ray data. We also imposed a cut in declination of DEC J2000 ≥ −30
• to ensure good visibility from the VLA and GMRT, whose observations we use to investigate the presence of diffuse radio emission at the cluster center. Finally, we excluded the double cluster A 115; its total mass inferred by Planck is 7.2 × 10 14 M ⊙ (so above our mass limit), however, based on optical and X-ray estimates of the cluster mass ratio (Barrena et al. 2007; White et al. 1997) , the mass of each individual cluster falls below our mass threshold.
Our final Planck sample contains 75 clusters, listed in Table 3 . This is essentially the same sample, apart from slightly different selection criteria, as that used by Cuciti et al. (2015) to study the occurrence of giant radio halos in clusters. Chandra X-ray observations are currently available for 58 (77%) of these clusters; hereafter we will refer to these clusters as the Chandra statistical sample. 53 of these clusters (91%) have published accurate radio measurements from deep Westerbork Synthesis Radio Telescope (WSRT), VLA, and/or GMRT observations (Table 3) , most of the latter taken as part of the GMRT Radio Halo Survey and its extension (Venturi et al. 2007 . Two of the remaining clusters -RXC J0510.7-0801 and RXC J0520.7-1328 -have pointed GMRT observations; however, the resulting images are not sensitive enough to investigate the presence of diffuse radio emission in these systems (Kale et al. 2015; Macario et al. 2014 ). We will see in §7 that these two clusters, along with those with no available radio data (A 1733, MACS J2135.2-0102 and A 2355), do not possess a cool core and the absence of radio information will not affect our main findings that are based on the cool-core part of the sample. Our statistical sample (Table 3) contains 12 minihalos, of which 9 are previously known and three -A 2667, PSZ1 G139.61+24.2 (candidate) and RXC J1115.8+0129 (candidate) -are new detections. The former two are reported in the forthcoming paper G17 and the latter in Pandey-Pommier et al. (2016) . The sample includes 26 radio-halo clusters and 5 candidates. Many of the clusters also contain peripheral radio relics, which is a distinct phenomenon (e.g., van Weeren et al. 2010 ) and we do not discuss it in this paper.
Among the 17 clusters in our Planck sample that do not have Chandra data (Table 3) , 11 have XMM-Newton observations. However, most of them do not have highsensitivity radio data at present. We inspected the XMM-Newton images and found that only 3 out of 11 can possibly have cool cores, thus omitting them does not significantly affect our statistical conclusions.
Supplementary sample
We supplement our statistical sample with additional 48 clusters drawn from ACCEPT, which includes clusters observed with Chandra as of 2008 and presents uniform X-ray analysis for them (C09), suitable for our work. The clusters were required to have deep, pointed VLA, WSRT and GMRT observations in the literature and/or in the data archives (see §6), be at z ≤ 0.5, DEC J2000 ≥ −30
• and an average temperature of kT > 3.5 keV. This temperature cut corresponds to a lower total mass (∼ 2 × 10 14 M ⊙ , based on an M 500 − T X relation, Vikhlinin et al. 2009) than the lower limit of our statistical sample. To those clusters we add the Phoenix cluster (z = 0.6), which hosts the most distant minihalo found to date (van Weeren et al. 2014 ). This supplementary sample is given in Table 2 . Twelve of these clusters possess a minihalo, including a recent GMRT detection in A907 (G17), and 4 host a candidate minihalo. The presence of a central diffuse radio source has been reported in 3 more clusters in this sample -ZwC 1742.1+3306, MACS J1931.8-2634 (Giacintucci et al. 2014a ) and A 2626 (Gitti 2013 ) -but their classification as a minihalo is uncertain: the size (< 50 kpc in A 2626 and ZwC 1742.1+3306), radio morphology and ultra-steep spectrum (α radio ∼ 2) of these sources, as well as the possible association with X-ray cavities in MACS J1931.8-2634, suggest that they could instead be dying/restarted radio galaxies (Giacintucci et al. 2014a) , whose aged emission, no longer fed by the central nucleus, is rapidly fading. For 9 clusters with no published radio results on the minihalo angular scales, we analyzed VLA archival observations ( §6) and present the results here (no minihalos were detected among them).
Our final combined sample (statistical + supplementary) consists of 106 clusters and includes all 28 known minihalos, including 6 candidates. Table 6 ; errors were calculated from the temperature uncertainties and include statistical and systematic uncertainties for the M500 − TX relation itself ( §4). Column 8: R500, derived from M500. Column 7: type of diffuse radio emission at the cluster center (c indicates a candidate detection). As defined in §2, sources with R radio ≤ 0.2R500 are classified as minihalos. Clusters marked as uncertain host central extended radio sources whose classification as a minihalo is uncertain; the radio size, morphology and ultra-steep spectrum of these sources suggest that they could be instead dying/restarted radio galaxies ( §3.2; Giacintucci et al. 2014a ). Column 9: radius of the central diffuse radio source, as defined in §2, in units of R500. Column 10: Radio references. If more than one reference is given, the first one is the reference for the image used to measure the radio size. Reference code: (1) this work, (2) G17, (3) Kale et al. (2013) , (4) Govoni et al. (2005) , (23) Feretti et al. (1997a) , (24) Giacintucci et al. (2014b) , (25) Storm et al. (2015) , (26) Farnsworth et al. (2013) , (27) Feretti et al. (1997b) , (28) 
CLUSTER X-RAY PROPERTIES
The purpose of this study is to quantify the occurrence of radio minihalos in clusters of different total masses with and without cool cores. To identify cool-core clusters in the sample, we follow C09 and use the specific entropy "floor" in the cluster centers. They find that the radial dependence of the specific entropy, defined in C09 and here as
where T is the gas temperature and n e is the electron number density, can be described, in the cluster central regions, as a function of radius, r, by
where K 0 is the so-called core entropy, K 100 is a normalization for entropy at 100 kpc, and α is the power-law index.
Clusters with K 0 < 30 − 50 keV cm 2 (which represents a deep minimum of the entropy at the cluster center) invariably exhibit all the attributes of a cool core. For the cluster entropy profiles in the ACCEPT database, C09 combined projected gas temperatures with 3-dimensional gas densities, which does not yield physically meaningful entropy values. However, their values serve our current purpose of identifying the cool cores well, and have been used for similar purposes in the literature. Therefore, for the present analysis, we chose to use the K 0 values from C09 for those clusters that already had high-quality Chandra data (81 out of 106 clusters in our combined sample), and emulate the C09 derivation (with some technical differences) for the 27 clusters with new or significantly-improved Chandra data that appeared since C09. This will be described in §5.5.
For cluster total masses, we use the Planck SZ-based estimates where available, otherwise we obtain a mass estimate from the M 500 − T X relation in Vikhlinin et al. (2009) , using an X-ray measured, core-excised temperature. M 500 − T X estimates are required for 17 out of 48 clusters (35%) in the supplementary sample. Coreexcised temperatures are taken from Cavagnolo et al. (2008, hereafter C08) if available, otherwise we derive them here ( §5.4) in the same manner for uniformity. Errors for those masses are calculated from the temperature statistical uncertainties and include statistical and systematic uncertainties for the M 500 − T X relation itself, as estimated by Vikhlinin et al. (2009) .
CHANDRA DATA ANALYSIS
The ACCEPT sample of C09 contains clusters in the Chandra archive as of 2008. Since then, Chandra observed new clusters, e.g., those in our statistical sample that were discovered by Planck (2 clusters), and reobserved others, including several borderline clusters ("warm cores") for which it is important for us to have an accurate core temperature profile. Here, we have analyzed Chandra data for such new clusters and important improvements. Seven of the new observations are part of the Chandra Visionary Program to study the Xray properties of Planck-selected clusters, including the fraction of cool cores (Andrade-Santos et al. 2017 ).
We will use C08 and C09 entropy and temperature values for those clusters that have been reobserved but for which the old data were accurate enough. Updates of Chandra calibration since C08 and C09 have negligible effects for our current qualitative purposes.
Data reduction and image preparation
The Chandra observations analyzed in this paper are listed in Table 3 , which includes the observation identifiers, clean exposure times and the adopted Galactic absorption column density N H ( §5.3). The Level-1 ACIS event files from the archive were reprocessed following the procedure described in Vikhlinin et al. (2005) using the Chandra Calibration Database (CALDB) 4.6.3. Exclusion of time intervals with elevated background and background modeling were done as described in Markevitch et al. (2003) . To model the detector and sky background, we used the blank-sky datasets from the CALDB appropriate for the date of each observation, normalized using the ratio of the observed to blank-sky count rates in the 9.5-12 keV band. Following Markevitch et al. (2000) , we also subtracted the ACIS readout artifact, which is an important effect on the radial temperature profiles in the presence of a sharp brightness peak.
We used images in the 0.5-4 keV and 2-7 kev energy bands to detect the unrelated X-ray point sources and small-scale extended sources in each observation. These sources were masked from the image and spectral analysis. For each cluster, we need to extract and fit a radial surface brightness profile and a radial temperature profile. 
Gas density profiles
For each cluster, we obtained a background-subtracted, exposure-corrected image in the 0.7-2 keV band. For clusters with multiple (typically offset) ACIS observations, we first coadded the individual backgroundsubtracted images and then divided the counts images by the sum of the corresponding exposure maps. We then extracted radial surface brightness profiles, centered on the cluster X-ray centroid.
While a simple spherically-symmetric β-model for the gas density (Cavaliere & Fusco-Femiano 1978 ) is a reasonable description for non-cool-core clusters, it does not describe cool cores well (e.g., Jones & Forman 1984) . We therefore fit the brightness profiles by projecting a spherically-symmetric double β-model,
where n 0 (central density for the sum of the two components), r c1 , r c2 , β 1 , β 2 , and f were free parameters. We ignore the very mild temperature dependence of the X-ray emissivity in this Chandra band and the relevant range of temperatures. Fits to the brightness profile were done out to R 500 or as far in radius as the Chandra coverage allowed, which in all cases was far beyond the cores. While such a model is not physically motivated (and no physical significance should be assigned to the particular values of r c and β), it fits all our clusters well, which is what we need for determining the central entropy. For those clusters where a single β-model provided a good fit, we set f = 0. Example cool-core fits with single and double β-models are shown in Fig.  1 , and fit results for all clusters are given in Table 4 . We do not derive errors on best-fit quantities, because statistical errors are negligible and uncertainties of the geometry dominate. The entropy uncertainties will be dominated by the temperature accuracy.
Spectral analysis
We derived the intracluster medium temperatures using the Chandra data as follows. For each observation, we extracted a spectrum of the cluster for each region of interest, and generated the instrument responses (ARF and RMF) using the current calibration files (version N0008 for the telescope effective area, N0006 for the CCD quantum efficiency, and N0009 for the ACIS timedependent low-energy contamination model).
The background spectra were extracted for the same regions from the corresponding blank-sky datasets, normalized as in §5.1. To ensure the sky-variable soft cosmic X-ray background is subtracted correctly, we checked for the presence of significant excess/deficit of soft X-ray thermal emission in the spectrum using local background regions. In those cases where significant systematic residuals were found, they were modeled with a low-temperature APEC or absorbed power-law and then included as a fixed additional background component in the spectral fits, normalized by the region area, as in Vikhlinin et al. (2005) . This has little effect in the cores, but affects the fits in the outskirts.
The cluster X-ray emission was modeled with an absorbed, single-temperature APEC model in the the 0.7-7 keV energy band, with the metal abundance free to vary. For the full-cluster spectra, the absorption column density N H was allowed to vary. If the bestfit N H value was consistent with that from the Leiden/Argentine/Bonn (LAB) radio survey of Galactic HI (Kalberla et al. 2005) , we fixed it at the database value for subsequent analysis. The adopted N H values are listed in Table 3 For several clusters, we combined multiple Chandra observations (Table 3) by fitting their spectra simultaneously with the temperature and metal abundance of the hot APEC components tied together. For RXC J1504.1-0248, for which the observations had the same pointing position and roll angle and thus had the same responses, we instead coadded the spectra. Note-Column 1: cluster name. Columns 2-7: parameters of a β-model fit, see eq. (3). Fits were done out to R500 or as far in radius as the Chandra coverage allowed, which in all cases was far beyond the core region.
Average cluster temperatures
One of the quantities that we correlate with the presence of a radio halo is the global cluster temperature. In addition, for those clusters in the supplementary sample that do not have Planck masses, we estimate total masses from the M 500 − T X relation ( §4). For 29 clusters in the statistical sample and for most in the supplementary one, we used core-excised global temperatures from C08. For the remaining clusters in the supplementary sample and for 12 in the statistical one with significantly better recent Chandra observations, we derived global temperatures ( §5.3) using a spectrum extracted from an annulus with 70 kpc< r < R 2500 5 as in C08. The core-excised temperatures, T X, ce , of all clusters are summarized in Tables 6 and 7 . The exceptions are 2A0335+096, Perseus and Ophiuchus, for which we used average temperatures from ASCA 6 because of Chandra's limited radial coverage. Another nearby cluster for which we used the total temperature from the literature is A193, a clear non-cool-core cluster, for which core excision would not change the temperature significantly. For cool cores, this should result in slightly underestimated masses from the M 500 − T X relation. This will not affect our qualitative conclusions. a uncertainty from error in the first bin of the temperature profile.
⋆ fixed in the fit.
Note-Column 1: cluster name. Columns 2-7: best-fit parameters of the temperature fit, see eq. (4). Columns 8-10: best-fit parameters of the entropy fit (see §5.5 for details). Column 11: maximum radius used for the entropy fit.
Temperature and specific entropy profiles
We obtained radial temperature profiles by fitting spectra in annuli centered on the X-ray surface brightness peak or the centroid for disturbed clusters without a well-defined peak. The radial bins were selected as a compromise between the need to sample well the temperature decline in the cores and to keep the uncertainties small. The maximum radius was as far as the detector coverage and the background uncertainties allowed; this is unimportant as we are interested in the cores. The spectra were fit as described in §5.4, with metallicities allowed to vary at small radii (since we expect strong gradients in cool cores) and fixed at 0.2 solar at large radii. The N H was fixed at the full-cluster values given in Table 3 . The resulting projected temperature profiles for the clusters analyzed in this work are shown in Figs. 2-6, except for A 1733, which only has a 7 ks Chandra exposure (see below).
Our goal here is to derive the specific entropy floor in cluster centers, defined in the same way as in C09 ( §4). For this purpose, we take our best-fit 3D density profile in the form of eq. (3), assume the entropy radial dependence given by eq. (2), calculate a temperature at a given radius from eq. (1). These temperature values are then averaged within each radial bin of the measured temperature profiles using the weighting of Mazzotta et al. (2004) . The average values are compared with the observed temperature profiles, and the parameters K 0 , K 100 and α are fit in such a way. Because of limited modeling freedom of eq. (2), such a temperature profile usually described the cool cores well but often not the regions outside the core. Therefore, we only used the radii where it fit well, similarly to C09.
The modeled projected temperature profiles are shown as blue lines overlaid on the measured profiles in Figs. 2-6, and the best-fit entropy profile parameters, as well as the maximum radius used for the fit, are given in Table 5 . For A 1733, the central entropy is estimated using the best-fit density profile and the temperature within the central r = 120 kpc region, which is enough to determine that it is not a cool core (Table 6) .
For reference in our future work, and to verify the above model, we also fit the observed temperature profiles with a more complex phenomenological 3D temperature model used by Vikhlinin et al. (2006):
where
describes the temperature profile outside the central cooling region and
describes the temperature decline in the central region. T 0 , r t , α, b, c, r cool , a cool and T min are free parameters. The term t cool (r) was required only in several cases with a strong radial increase of the temperature profile in the core; in most cases, setting t cool (r) ≡ 1 was sufficient for a good fit, as the term t(r) alone can describe a temperature dip in the center. We also fixed b = 2 and c = 1, which provides a good fit in all cases. The model was projected along the line of sight and within each radial bin and fit to the observed projected temperature profiles. The best-fit profile parameters are given in Table 5. The 3D and the corresponding projected profiles are shown by red curves (dashed and solid, respectively) in Figs. 2-6. Because this model is more flexible, it can describe the whole radial range of the measured temperatures. Comparison with the profiles for the entropy model (blue lines) shows that the entropy model provides an adequate temperature fit in the cores of all clusters.
Because we will combine the central entropy values from C09 and from our new analysis, we checked their consistency using RXJ1504.1-0248, one of the clusters in the C09 sample for which we used a more recent Chandra dataset. Our best-fit central density (from a double β-model fit, see Fig. 1 ) is only 7% higher than that in C09 (who derived it using the deprojection method), and our entropy floor value of K 0 = 11.1 ± 0.3 keV cm 2 is consistent with, and more accurate than, the C09 value of K 0 = 13 ± 1 keV cm 2 . Other parameters of the core entropy profile are in agreement as well. The accuracy of K 0 depends on the number of temperature bins in the core, which is where the new data helped.
RADIO ANALYSIS
We analyzed VLA archival observations at 1.4 GHz of those clusters in our supplementary sample with no high-sensitivity and multi-resolution radio images on the minihalo angular scales in the literature (9 clusters). The observations were chosen to be suitable to search for diffuse radio emission on the cluster core scale, i.e., deep and with a good sampling of the uv-plane, particularly at short spacings, that are crucial to properly image extended, low surface brightness radio emission. Furthermore, we selected observations with a range of angular resolutions that allow us to discriminate between genuine diffuse emission and a blend of individual radio galaxies, as well as to separate a possible minihalo from the radio source associated with the cluster central galaxy.
Here we provide a brief description of the data reduction. The observation details, radio images and notes on the individual clusters are presented in Appendix A. The data were calibrated and reduced in the standard fashion using the NRAO Astronomical Image Processing System (AIPS) package. Self-calibration was applied to reduce the effects of residual phase and amplitude errors in the data and improve the quality of the final images. For each cluster, the observations in different array configurations were processed and imaged separately. When possible, data from different dates and configurations were combined together in the uv or image plane. Sets of images were produced with different weighting schemes, ranging from pure uniform weighting (Briggs "robustness" parameter (Briggs 1995) ROBUST= −5) to natural weighting (ROBUST= +5), to enhance any possible extended emission. The flux density scale was set using the Perley & Butler (2013) coefficients, and residual amplitude errors are within 3-5%.
No new minihalos were detected among the 9 clusters analyzed here. As an illustrative example, in Fig. 7 we show a comparison between a known minihalo (in our statistical sample) and two non-detections based on our radio analysis. Panel a shows the minihalo in the coolcore cluster A 3444 (from G17; see also Venturi et al. 2008 , Kale et al. 2015 . Panels b and c show radio/X-ray overlays for MACS J0429.6-0253 and MS 0839.8+2938, both cool cores in our supplementary sample. All three radio images have similar angular resolution (∼ 5 ′′ ) and sensitivity (1σ ∼ 35 − 40 µJy beam −1 ). The observations also have similar sampling of short spacings in the uv-plane, that ensures the possibility of detecting extended emission on a largest scale of ∼ 2 ′ . This corresponds to a physical scale of ∼ 470 kpc for A 3444, ∼ 640 kpc for MACS J0429.6-0253 and ∼ 390 kpc for MS 0839.8+2938, thus well beyond the region occupied by the central radio galaxy. While a minihalo is clearly well detected in A 3444, no indication of diffuse radio emission is visible in the cores of the other clusters at a similar sensitivity level.
DISCUSSION
The purpose of this study is to quantify how frequent are radio minihalos in clusters. Top panels in Fig. 8 plot the clusters in our mass-limited sample in the M 500 −K 0 and T X, ce − K 0 planes (in the latter panel, the approximate temperature from the M 500 − T X relation that corresponds to our mass cut is shown by a dashed line). As noted by C09, Rossetti et al. (2013) and others, the cluster sample clearly separates into two populations, cool cores with K 0 30 keV cm 2 and non-cool cores (most of which obvious mergers) with K 0 50 keV cm 2 . The fraction of cool cores in our Planck-selected sample is 26% (15 out of 58), similar to the fraction found in a much larger Planck-selected sample (Andrade-Santos et Figure 8 . Upper panels: M500 − K0 and TX, ce − K0 plots for the Chandra clusters in our statistical sample. Clusters with minihalos are shown as magenta (confirmed detections) and cyan (candidates), radio-halo clusters (including candidates) are shown in black and empty circles are clusters with no detected central diffuse radio emission. Clusters without high-sensitivity radio observations (RXC J0510.7-0801, RXC J0520.7-1328, MACS J2135.2-0102, A 2355 and A 1733) are not included in the plots (they all have K0 > 80 kev cm 2 ; Table 6 .) Lower panels: Same for the combined statistical sample (circles) and supplementary sample (squares). Error bars are omitted for clarity. Symbol colors are the same. Yellow shows clusters hosting a central diffuse radio source whose classification as a minihalo is uncertain (ZwCl 1742.1+3306, MACS J1931.8-2634, A2626; §3.2). The combined sample extends to lower masses, where minihalos appear to be less frequent. 
a from the temperature measured within the central r = 120 kpc.
Note-Column 1: cluster name. The presence of a minihalo or a candidate is indicated as MH and cMH, respectively. Column 2: temperature within R2500 (R5000 for those clusters marked with ⋆) measured in the 0.7 − 7 keV band; the central r = 70 kpc region has been excised for all clusters except A 754. Column 3: core entropy. Column 4: references for temperature and the core entropy floor, respectively: (1) this work, (2) C08, (3) C09, (4) Markevitch et al. (2003) . 19 ± 3 1,1
Note-Column 1: cluster name. The presence of a minihalo, a candidate minihalo or a central diffuse source with uncertain classification ( §3.2) are indicated as MH, cMH and u respectively. Column 2: cluster global temperature within R2500 (R5000 for those clusters marked with ⋆) measured in the 0.7 − 7 keV band; the central r = 70 kpc region has been excised for all clusters except Perseus, 2A 0335+096, Ophiuchus, A 193 and A 2319. Column 3: core entropy. Column 4: references for temperature and the core entropy floor: (1) this work, (2) C08, (3) C09, (4) Ikebe et al. (2002) , (5) David et al. (1993) .
al. 2017) and lower than that seen in X-ray selected samples of nearby clusters (e.g., Rossetti et al. 2016) . As shown before (e.g., Cassano et al. 2013 , Rossetti et al. 2013 , Cuciti et al. 2015 , Yuan et al. 2015 , giant halos (black symbols) are found almost exclusively in non-cool core clusters. We find that minihalos (magenta symbols) are indeed found exclusively in cool cores, confirming previous non-statistical findings (e.g., Giacintucci et al. 2014a , Yuan et al. 2015 , Kale et al. 2015 . A new result that is evident in Fig. 8 (top panels) is that almost all cool cores in a complete sample of massive clusters -12 out of 15, or 80% -possess a minihalo. Radio minihalos are not that rare after all.
It is interesting to extend the mass range of the sample toward lower masses and temperatures. According to Cuciti et al. (2015) , the probability of finding a giant radio halo in merging clusters increases with the total mass. This is instructive for the origin of giant halos, because it implies a statistical link between the mechanical energy available during mergers and the generation of these sources (e.g., Cassano et al. 2006 Cassano et al. , 2016 . It is interesting to check if minihalos exhibit a similar behavior. Lower panels in Fig. 8 show our combined statistical + supplementary sample, which includes all the known 22 confirmed minihalos (magenta points) and 6 candidates (cyan points). This combined sample extends a factor 3 below the mass cut of the statistical one, as well as adding a number of massive systems. We do see the lower frequency of the giant radio halos in cooler clusters, observed in Cassano et al. (2013) and Cuciti et al. (2015) . Similarly, at lower masses, a large fraction of cool cores without minihalos (not detected at a similar radio sensitivity; see §5, Fig. 7 and Appendix A) emerges, while almost all the additional massive cool cores do have minihalos, consistently with our finding for the statistical sample. Minihalos are still absent in the non-cool-core clusters (with the exception of the candidate minihalo in A 1413); a few "warm cores" that appear in the K 0 = 30 − 50 keV cm 2 gap do not host minihalos (or giant halos) either. The apparent reduced frequency of minihalos at lower masses needs a proper statistical investigation that accounts for selection effects (e.g., what if the radio luminosity correlates with the cluster mass) and radio upper limits (for instance via injection of fake minihalos in the uv-data, e.g., Kale et al. 2015) , which will be the subject of future work.
CONCLUSIONS
The two new results of our study are: (a) almost all (12 out of 15, i.e., 80%) massive clusters with cool cores (M 500 > 6 × 10 14 M ⊙ or T 6 keV) exhibit a radio minihalo, and (b) the fraction of minihalos appears to drop in cool cores with lower cluster total masses (or global temperatures). To make the former observation, we used a mass-limited cluster sample. For the latter result, we extended the sample to include more clusters with available Chandra and radio data, including higher-redshift and lower-mass clusters and all the other known minihalos (for a total of 28 minihalos, including 6 candidates).
These findings may encode information on the origin of minihalos. In the present study, we used only the presence or absence of a minihalo; we will investigate the correlation of the radio power with cluster mass, as well as with cool core thermodynamic parameters, in the follow-up works. A few outliers may prove especially valuable, such as a minihalo in a low-mass cool core 2A 0335+096 (Sarazin et al. 1995) , a giant halo in a high-mass cool core CL 1821+643 (Bonafede et al. 2014; Kale & Parekh 2016) , a halo in A 2390 (Sommer et al. 2017 ) whose cool core has a similar, unusually large radius (Vikhlinin et al. 2005) , as well as the absence of minihalos in warm cores.
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APPENDIX
A. RADIO OBSERVATIONS AND IMAGES Table 8 lists the VLA archival observations at 1.4 GHz reanalyzed in this work, as described in §6. Our final radio images are presented and compared to the cluster optical images (from SDSS 7 , POSS-2 8 or HST WFPC2 9 ) and X-ray Chandra images in Figs. 9, 10 and Fig. 11 . The radio images of MACS J0429.6-0253 and MS 0839.8+2938 are overlaid on the Chandra images in Fig. 7 and on the optical HST images in Fig. 10 (upper panels) . The image properties are summarized in Table 9 . All the images shown here have been obtained with the ROBUST parameter set to 0 in the AIPS task IMAGR. The flux density of the unresolved radio galaxies was measured by fitting the sources with a Gaussian model (task JMFIT). For extended radio galaxies, the total flux density was determined using the task TVSTAT. All fluxes were measured on images corrected for the primary-beam attenuation. A brief description of the radio emission in each individual cluster is given below.
A.1. Notes on individual clusters
A 193. The combined C and D-configuration image (Fig. 9 , right upper panel) shows a central double radio source with a flux density of 61 ± 3 mJy. The combined C-configuration image (Fig. 9 , left upper panel) reveals the source to be composed of a bright compact component, coincident with the cluster central galaxy, and a ∼ 60 kpc-long "tail" toward North-East (see also Owen et al. (1993) and Owen & Ledlow (1997) ). The total flux in this image is 60 ± 3 mJy, of which 28 ± 1 mJy are in the compact component. Table 9 . Bottom panels: VLA C-configuration (gray contours) and A-configuration (black contours) images of MS 0440.5+020, overlaid on the POSS-2 red optical image (left). On the right, the A-configuration image is overlaid on the smoothed X-ray Chandra image in the 0.5-4 keV band. Contours start from +3σ and then scale by a factor of 2. No levels at −3σ are present in the portion of the images shown. Restoring beams (also shown as ellipses in the lower right corner of each image) and rms noise values are as listed in Table 9 . . In all panels, contours start at +3σ and then scale by a factor of 2. When present, contours at −3σ are shown as dashed. Restoring beams (also shown as ellipses in the lower corner of each image) and rms noise values are as listed in Table 9 . a Although the shortest baseline is the same as in D configuration, the surface brightness sensitivity to extended structure is significantly less that that of the D configuration, but still high enough to detect diffuse emission on the core scale at typical brightness of minihalos (Appendix B).
b Sum of the flux densities of the double source (33.0 ± 1.7 mJy) and head-tail radio galaxy (10.6 ± 0.5 mJy).
c Sum of the flux densities of the central radio galaxy (1.8±0.1 mJy in the CnB image and 1.9±0.1 mJy in the CnB+DnC image) and head-tail radio galaxy (18 ± 1 mJy and 20 ± 1 mJy).
Note-Column 1: cluster name. Column 2: VLA configuration. Columns 3: Full width half maximum (FWHM) and position angle (p.a.) of the radio beam. Column 4:image root mean square (rms) level (1σ) for ROBUST = 0 in IMAGR. Column 5: total flux density of the central radio emission. Column 6: largest linear structure detectable by the observation (LDS), as derived from the maximum angular scale that can be imaged reasonably well by VLA longsynthesis observations.
A 383. A single point source with 41 ± 2 mJy is detected at cluster central galaxy in all our images (Fig. 9 , middle panels). Its size is < 5 kpc, based on a Gaussian fit on our highest resolution image, obtained from the combination of the A-configuration observations. MS 0440.5+0204. A central extended radio source is detected in the C-configuration image (Fig. 9, bottom panels) . At the higher-resolution of the A-configuration observation, the source separates into a ∼ 30 kpc double, associated with the cluster central galaxy, and a head-tail radio galaxy, identified as a member galaxy (z = 0.193, Gioia et al. 1998) . A total flux of 43.6 ± 2.2 mJy is measured on the C-configuration image. This value is consistent with the sum of the flux densities in the double (33.0 ± 1.7 mJy) and head tail (10.6 ± 0.5) measured at higher resolution.
MACS J0429.6-0253. An unresolved source is detected at the cluster center in both A-and B-configuration images (Fig. 10 , left upper panel; see also Fig. 7) , with a flux density of 133 ± 7 mJy and 138 ± 7 mJy, respectively. Based on the A-configuration image, the source is < 10 kpc in size.
MS 0839.8+2938. The C-configuration observation detects a central compact radio source, which the Bconfiguration reveals to be a 80 kpc-long, core-dominated double radio source (Fig. 10 , right upper panel; see also Fig. 7 ). Its flux density is 26 ± 1 mJy (C configuration) and 25 ± 1 mJy (B configuration).
A 1204. An unresolved source (size < 40 kpc) is detected at the cluster center in the C-configuration image (Fig. 10 , middle panels). Its flux density is 1.8 ± 0.1 mJy. An unresolved source is also detected by a slightly higher resolution Figure 11 . VLA 1.4 GHz radio images of A 2420 (upper panels) and A 2556 (bottom panels), overlaid on the optical POSS-2 red optical images (left) and smoothed X-ray Chandra images in the 0.5-4 keV band (right). In all panels, contours start at +3σ and then scale by a factor of 2. When present, contours at −3σ are shown as dashed. Restoring beams (also shown as ellipses in the lower right corner of each image) and rms noise values are as listed in Table 9 .
observation at 5 GHz with the VLA in C configuration (Hogan et al. 2015) , with a similar flux of 1.8 mJy, implying a flat spectral index between 1.4 GHz and 5 GHz.
A 2125. A deep radio survey of the cluster region has been carried out by Owen et al. (2005) using the VLA at 1.4 GHz in its A and B configurations. An image of the central cluster region is presented in Owen et al. (2006) . The region is occupied by a triple system of optical galaxies, each hosting an extended radio source, and a nearby bright compact radio galaxy, named C153. Here we present a lower resolution image of the cluster center, obtained from an archival VLA observation in C configuration (Fig. 10, bottom panels) . The three central sources, individually detected by Owen et al., appear here blended into an single source with a total flux density of 19 ± 1 mJy. This value is in agreement with the the sum of the flux densities measured by Owen et al. (2005) for these three sources (19.3 mJy). C153 is unresolved in our image; its flux density of 22.9 ± 0.7 mJy is in good agreement with that reported by Owen et al. (22.9 
mJy).
A 2420. A slightly extended radio source, oriented north-south and with a flux density of 198 ± 10 mJy, is detected at the position of the central galaxy in the CnB-configuration image (Fig. 11, left upper panel) . In the DnC-configuration image (Fig. 11, right upper panel) , the source has a flux of 197 ± 10 mJy. The compact radio galaxy visible to the north-east has a flux of 1.5 ± 0.1 mJy (CnB configuration) and 2.1 ± 0.1 mJy (DnC configuration).
A 2556. The CnB-configuration and combined CnB+DnC-configuration images (Fig. 11 , bottom panels), show an extended radio source associated with the dominant cluster galaxy, with a size of ∼ 65 kpc along the NE-SW axis. A radio galaxy with head-tail morphology is located at a projected distance of about 90 kpc from the central galaxy. The flux densities of these sources, measured on the combined image are 1.9 ± 0.1 mJy and 20 ± 1 mJy, respectively.
The two radio galaxies are blended together in the lower-resolution image from the DnC configuration (Fig. 11 , left bottom panel)) with a total flux density of 22 ± 1 mJy.
B. RADIO SIZE AND AVERAGE SURFACE BRIGHTNESS OF MINIHALOS AND HALOS
In Table 10 we summarize the properties -frequency, angular resolution, sensitivity and the radius of the largest detectable structure (based on full-synthesis nominal values for GMRT, VLA and WSRT) -of the radio images used to estimate the extent of the radio sources in our statistical and supplementary samples (candidates are not included). For each source, the table also lists the measured radius (the average radius of a 3σ isocontour, § 2) and the ratio of the source average surface brightness to the rms noise level of the corresponding radio image. Note-Column 1: cluster name. Columns 2-4: frequency, beam FWHM and rms noise (1σ, per beam) of the images used to measure the source radius. Images at 1.4 GHz are from VLA observations, all other frequencies are GMRT observations; for Perseus and A 2255 we used WSRT images. Column 5: radius of the largest linear structure detectable by the observations, as derived from the maximum angular scale that can be imaged reasonably well by long-synthesis observations with the VLA, GMRT and WSRT. Column 6: radius of the central diffuse radio source, defined as in §2, derived from the 3σ surface brightness isocontour. Column 7: ratio of the source average surface brightness (SB radio ) and 1σ noise level of the image. Column 8: reference for the radio images. Reference code: (1) this work, (2) G17a, (3) G17b, (4) Giacintucci et al. (2014a) , (5) Kale et al. (2015) , (6) Giacintucci et al. (2011a) , (7) Giacintucci et al. (2014b) , (8) In Fig 12, we compare the measured source radii to the interval of linear scales that can be detected in the respective radio images. The minimum scale is set by the angular resolution of the image (average FWHM, Table 10 ). We note here that almost all clusters have complementary observations at higher resolution. The maximum scale is the radius of the largest structure that can be detected in this particular observation (Table 10) . Even though the actual scale that can be reliably imaged by the observation can be less than the nominal value (due, for instance, to a short exposure or the exclusion of bad data at short baselines), the minihalo and halo radii are typically much less than LDS/2 (one exception is Ophiuchus). This indicates that the observations are not limited by the interferometric coverage; if there was emission outside the minihalo, provided sufficiently low noise, we should be able to detect it well beyond the cool core and, in most cases, on scales comparable to those of large halos. The other obvious instrumental limitation is the noise level -if minihalos and large halos were similar sources with a smoothly declining radial brightness profile, a more sensitive observation would yield a larger Figure 12 . Radius of minihalos (magenta) and halos (black) in the statistical sample (filled symbols) and supplementary sample (empty symbols). Horizontal lines show the range of linear scales that can be detected in the corresponding radio images: the minimum scale is the angular resolution of the image, the maximum scale is the radius of the largest structure that can be imaged by the observations (Table 10) .
radius of the 3σ isophote. In Fig. 13 , we show the ratio of the source average surface brightness to the image rms noise (Table 10 ) as a function of the radius in kpc (left panel) or in beam sizes (right panel). There is no correlation between the signal-to-noise ratio and the radius of the halo; the signal-to-noise ratios for the minihalos are similar to those for the large halos and in several cases even slightly higher. This is in agreement with a similar plot for giant halos in Cassano et al. (2007) . Based on Figs. 12 and 13, we conclude that most of the minihalo datasets used in this work possess the requisite sensitivity to detect diffuse emission on angular scales greater than the minihalo at a surface brightness level typical of large halos, thus the measured difference between the sizes of minihalos and large halos is physically meaningful. This answers a frequently asked question of whether minihalos are simply the peaks of larger halos in a cluster with the central density peak (and where the radio Figure 13 . Ratios of the average surface brightness of minihalos (magenta) and large halos (black) to the rms noise level (per beam) of the corresponding radio images (Table 10 ). The ratios are plotted as a function of the radius in kpc (left) and beam sizes (right). Filled symbols are clusters in the statistical sample and empty symbols are those in the supplementary sample.
emission roughly follows the ICM density) -in such a picture, we would be able to detect the rest of the halo emission outside the cool core, and we do not.
